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This paper presents the thermo-acoustic frequency response of an un-baffled rectangular panel subjected to an
external excitation load. A boundary element method BEM has been employed taking into account the
Kirchhoff-Helmholtz K-H integral equation for the acoustic pressure and with the fluid-plate interface boundary
condition the acoustic pressure jump over the panel is calculated. The thermal effects are considered regarding in
the form of a uniform increment of temperature of the panel and are analysed in order to prevent the buckling
phenomena. The excitation force considered is in the form of a concentrated load at some point of the panel and
the deformation modes correspond to the vacuum case. Applying a collocation method for the panel equation, a
frequency transfer function is obtained that relates the deflexion of the panel with the applied load . The effect of
several geometric parameters, different thermal loads and location of the load applied on the acoustic radiated
power and the acoustic efficiency spectrum are evaluated. Furthermore, the influence of the excitation frequency
on the sound directivity is evaluated. The verification of the method is proven with other works.

Keywords: rectangular panel; thermo-acoustic behaviour; fluid-structure interaction; acoustic radiation; boundary element
method.

1. Introduction

Interaction of structures with fluid are present in a wide variety of technological applications in
the fields of aerospace, civil or naval engineering. Prediction of sound radiation by these vibrating
structures submerged in fluid is of great importance to control noise generation. Sound power and
radiation efficiency (or radiation ability) are the two parameters usually employed to investigate
the radiation characteristics of these structures. There are many works in this regard, for the case
of unbaffled plates as is the case of the present study, the works of Atalalla et al [1] where the
acoustic radiation characteristics of an unbaffled vibrating plate with general elastic boundary
conditions is analyzed, or Laulagnet [2] that study of the sound radiation of a simply supported
unbaffled plate, and for baffled plates the work of Berry et al [3] that analyze the sound radiation
of rectangular plates with different boundary conditions. The BEM is widely used for the analysis
of sound radiation for reasons of time and cost of computation. In some specific engineering
applications light structures are employed and the low weight results in high level of noise which
is related with the magnitude and frequency of structural vibrations. It is important for the designer
to minimize the radiated noise that can affect the mechanical behavior of the structures and might
be harmful to human beings working for example in space vehicles, Wilby [4]. Different
parameters have an important influence on the acoustic radiation performance of the structures,
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such as type and location of excitation load, material and geometric properties of these structures
as well as thermal and hygroscopic environment. This thermal environment, studied in early
literature regarding structure dynamic behaviour date from 1950s as in Boley et. al [5], or the
investigation of Kim [6] on the vibration of functionally graded materials (FGM) of plates under
thermal environments. Thermal stresses have an important influence on the dynamic and stiffness
characteristics of structures employed in space vehicle applications due to the heating solar
radiation and in the case of very light structures the surrounding fluid as the case of air in earth
test or essays has an important influence on the vibration behavior.  Panels structures are
employed in the construction of airplanes and space vehicles and must not only meet the structural
requirements, but also minimized the radiated noise and provide insulation from the surrounding
environment, so in the design of airframe structures plays an important role the investigation of the
vibro-acoustic response for an optimal behavior. The acoustic properties can be used for
estimation of material properties such in FGM of the structure, see Liu et al [7], non-destructive
evaluation, see lyer et al [8], structural health monitoring , see Meo et al [9] and acoustic imaging,
see Maev [10].

Jeyaraj et al. [11] employed a combination of finite and boundary element methods
investigating the vibro-acoustic behaviour of isotropic and composite plates under thermal
environment. Geng and Li [12] studied the dynamic and acoustic radiation characteristics of a flat
isotropic plate under thermal environments, showing that thermal loads influence on the stress
state and the change in the natural frequencies, mainly the fundamental frequency.

Chandra et al [13] study the vibroacoustic response and sound transmission loss of
functionally graded plates under various types of load. The work of Yang et al [14] where the
sound radiation of FGM in thermal environment is analysed.

Li and Yu [15] analysed the vibration and acoustic response of sandwich panels under thermal
environments, taking into account the Rayleigh integral for the pressure distribution and
analogously the works of Li et al [16] and Liu & Li [17]. Recently, many works made by Sharma
et al [18,19,20] regarding the acoustic radiation characteristics of baffled and unbaffled flat and
curved composite vibrating structures with various support boundary conditions under harmonic
excitations, considering thermal and moisture environments.

Moreover, there are currently some interesting technological applications in the field of
acoustics related with passive and active control acoustics regarding fluid-structure interaction
problems, for example that of acoustic black holes, see Cao et al [21], or acoustic metamaterials,
see Kumar and Lee [22], respectively.

Some works, Sobhy [23] and Zhou [24], study the case of functionally graded materials
employed in the construction of the structure and not as in the present work where an
homogeneous composition and temperature of the panel is considered.

The work of Gascon-Pérez [25] where the thermo-acoustic behaviour of a free vibrating
rectangular panel is analyzed by the application of a BEM as in the present study so it can be
conclude the validation of the present work.

The acoustic radiation behaviour of a simply supported rectangular panel is analyzed in this
paper with a BEM and using the K-H integral equation, considering the influence of several
parameters and the temperature on its forced vibration response.

2. Analytical Formulation

The thermo-acoustic response of a rectangular panel with thermal stress due only to a uniform
increment of temperature and fully immersed in the fluid and exited by a forcing load f, located

at X,, Y, position, is governed by the equation, see Wang et al. [26] and Boley et al. [27]:

2

DV*u(x, y,t) + 1NT Au(x, y,t)+ p,t, aat_g =5p(x, y,t) +5f (X, y,t) (2.1)
-V
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E-t°
12(1-v?)
Young’s modulus of the material, t, the panel thickness, v the Poisson’s ratio and p,, the material

density of the panel.
N, is a thermal parameter regarding the in-plane forces of the panel associated to the thermal

loads that is expressed as:

With u the normal displacement of the plate, D = the flexural rigidity, E the

N, =at,E® (2.2)
Being « the thermal expansion coefficient of the panel material and ® the uniform

temperature (increment of temperature) of the panel, where it has been considered the zero value
for the reference temperature of the panel. All material properties are considered constant, that is,
independent of temperature.

And §f (x,y,t) is the harmonic excitation force per unit area expressed as a Dirac-delta

located at x,,y, position associated to a load f, of 1IN sothat & f,(x,y,t)= 5fo(x, y)-e'
And fo:“5fo(x—xo,y—yo)dxdy (2.3)
SP

Fig.1 represents the configuration of the panel submerged in an infinite fluid at rest.

Fluid domain y
z 9
~ ~ u(x,y,
~ ~ A §f0 ( y
Panel /
v
y | -
I g X

Fig. 1. Scheme of a rectangular panel surrounded by fluid and its geometric characteristics

The acoustic action over the panel due to the fluid is the pressure jump & p between its upper

and lower sides.
Considering harmonic motion for both the fluid and structure, the solution takes this form:

u(x,y,t)=a(x,y)-e"" and p(x,y,zt) = p(x,y,z)-e’ (2.4)
The deflection of the panel coupled with fluid is expressed in series of the deformation modes

in vacuum:
A%, y) =D > 0 (% y) =D > oh(xy)- Uy (2.5)

Where T represent the weight coefficient associated to each mode, that takes into account

m

the effect of the acoustic medium.
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The modes in vacuum ¢! (x,y)for a simply supported panel, have the general expression
Wang [26].
ZX . Nmy

o (X, y):sinm|—~5|n I (2.6)
X y
Being m,n integer numbers associated to the number of nodes of null deflection.
Expanding in series of the deformation modes in vacuum the concentrated load:
sty =22 fr-on(xy) 2.7)
Where the coefficients have the expression:
n 4 rs n 4 n
o = o fo =%,y = o) o (x Y)xdy = == £ 7 (5, o) (2:8)
Xy S, X'y

Considering the wave equation for the fluid pressure, and the assumption of harmonic motion,
the Helmholtz’s equation is deduced:

Ap+Kk2p=0 (2.9)

Where k=2 is the wave number, being a_, the sound speed

00

And considering the interface boundary condition at z=0 and 0<x<I ,0<y<I  of the
momentum equation:
(X y,z)
oz
Being p,, the fluid density

= p, @ A%, Y) = p,@* Y. > on (X Y) Uy (2.10)

=0

2.1 Buckling Temperature

The buckling temperature is calculated finding the nonzero solutions for the thermo-elastic
static problem defined by the equation (2.1) considering only the first two terms i.e. the rigidity
and thermal components with no time dependence. Taking into account the deformation equation
(2.4) and the expression for the thermal parameter, equation (2.2), it is deduced the critical
buckling temperature corresponding to the fundamental mode, that is considered to prevent any
excess thermal loading in the analysis of the results:

bt (1), (1)
ATcr :®cr :mli(lxj +(ij ] (211)

2.2 Calculus of the pressure jump over the plate

First is considered the K-H integral equation that relates the pressure field with the pressure
jump over the panel, see Junger [28], Crocker [29], Fahy [30].
1 0
p Xl 1Z = 5~ ] —~
p(x,Y.2) M!pj p(& n)az[

eikR

?jdgdn (2.12)

Being R, the distance between the field and source points and S, the panel surface.
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Considering the boundary condition (2.10), and by applying a collocation method, the
following equation for the pressure jump is obtained associated to each mode:

= rs L n =n
{oPNE 1)} = po’ [T} | {0 (%))} (2.13)
Where the matrix is obtained by integration of the kernel Y on each rectangular element of the

panel
1 Era1 M1

[Y(x—¢y-n0k)dedy (2.14)

S s

rs _

e

. 82 eikR
Being Y=—| —
J 622[ R jz_o

Special care must be taken when evaluating the integral and the field and source points
coincides, so a principal value is taken, see Roussos [31]. More details can be found in Gascén-
Pérez [32]

2.3 Calculus of the frequency response of the panel

Applying the generalized work equation of the mn modal forces of the panel equation
associated to the uv modal panel deflection and making variation of the modal numbers

m,n,u,v=12,........ ,N, the following system is obtained, for the calculus of the deformation
weight coefficients in relation to the applied load with an associated transfer function:

[[K]-o*([M]+[M.])]{T} =[o]{T} (2.15)

Where the coefficients of these matrices are expressed:

Ky =D[ A% J[as]{e] }{TV | Agy |[as]{e!} (2.16.1)
Mn =ty | on [[AS){ o)} (2.16.2)

M2, =, 0 [T ] (881t} (2.163)

o}, =| on J[as]{el} (2.16.4)

Where [AS] is the matrix associated to the panel surface, is a diagonal matrix whose elements

correspond to the surface of the discrete rectangular element in which is divided the total
rectangular surface of the panel.

And finally solving the deformation weight coefficients as function of the applied load:

=] 1]{f} (2.17)

Where the transfer function has this expression:

[7]= [ [] 2.18)

Because the fluid mass matrix depends of the wave number k , the solution for the calculus of the
natural frequencies is obtained by an iteration procedure in an easy way due to the fast
convergence. The iteration procedure is applied to obtain the natural vibration frequencies one by
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one. For a given natural frequency, an initial value of this frequency and also the associated wave
number is assumed, and iteration in only a few steps (3 or 4) is sufficient to obtain the final
frequency result. For each of the rest of the natural frequencies the procedure is analogous. The

modes of the coupled fluid-structure can be obtained taking into account the eigenvector {U} and
the corresponding modes in vacuum.

2.4 Calculus of the acoustic power and radiation efficiency

The acoustic power is calculated from the following expression:

P, =Re{”5p.u~ds} (2.19)

And the acoustic radiation efficiency defined as:

Pa
o= m (2.20)

Being (u 2> the quadratic medium panel velocity that is calculated as:
. 1 2
<u2>:§g li|*-ds (2.22)

These expressions are interpreted after average integration over the time period for harmonic
motion.

Taking into account the expressions for the pressure jump (2.13) and plate deflexion (velocity)
(2.5), can be deduced the acoustic power and the radiation efficiency in the following form:

P, =Re{-io’ | U |[M, ]{u}} (2.22)

GR{M} 2.23)
p.a. U ][@){u}
In particular, the modal radiation efficiency associated to the mn mode is expressed as:
T
o) Lo [0 ] [as]en)
o, =Req—ik - -
| oh ] [as]{en}

(2.24)

2.5 Sound directivity

Directivity is important because it helps indicate how much sound will be directed towards a
specific area compared to all the sound energy being generated by a source.

It is a well-known property of modern loudspeakers that sound is not radiated equally in all
directions for all frequencies. The directivity of a loudspeaker describes the extent to which the
acoustic power produced by the loudspeaker is biased toward a given direction.

Plates with different sizes and aspect ratios are widely used as important structural components
in vehicles, airplanes, industrial machinery, buildings and bridges. They are also important
components in the radiation of noise when the structures are subjected to dynamic loading. For the
purpose of predicting and mitigating noise from complex structures, it is helpful to understand the
sound radiation from vibrating plates; particularly common are those with rectangular shape. Two
important factors that influence the radiated sound power of a vibrating plate are the spatially-
averaged vibration velocity and the radiation efficiency of the plate. In addition, the sound
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directivity also plays an important role in determining the distribution of sound pressure for
external radiation problems.
The directivity is represented in logarithmic scale of the sound pressure level SPL and is

obtained with the expression SPL =20-log [L] being p,; =2-10° Pa and p is the sound

ref

pressure at a field point x,y,z obtained with the expression:

p(x, y,2)=—%g5ﬁ(r§,f7)%(><—§,y—nyz,k)dédn (2.25)
. 0 (e
Being A= 5(?]

Taking into account the expression for the pressure jump over the panel, equation (2.13),
finally it is obtained the acoustic pressure at the field point 0

p(x,y,z)=| I |{T} (2.26)
Where the vector | I | is expressed:
17
= p, @ gp [T ] {A) (2.27)
And A is expressed as:
Sra s
Afz_ag ,;[z(x—g,y—n,z,k)dgdn (2.28)

3. Results and discussion

A validation of the method is made comparing the results obtained by Kwak [33] for the
natural frequencies of a vibrating baffled plate with surrounding water by the upper and lower
sides with the present method (for which the equation (2.1) is considered without the thermal and
forcing terms) and it is found a good agreement but with a slight difference depending of the mode
considered, that can be due to the difference of the boundary conditions presented in the two cases
(baffle or unbaffled), see Table 1. Also these results are compared with those obtained in the work
of Gascdn-Pérez [25] and in this case the values obtained are all the same.

Table 1. Natural frequencies (Hz) for a simply supported rectangular steel plate (in vacuum f, and water f,)
immersed in fluid, of side lengths |, =5m, | =4m , and thickness t, =1cm

m,n f, f,  (Kwak) f (present method _ Relative )
and Gascon-Pérez) discrepancy (%)

1,1 2.498 0.398 0.435 8.5

1,2 5.422 1.093 1.171 7.1

2,1 7.067 1.561 1.623 3.9

2,2 9.991 2.468 2.503 1.4

Also for validation of this method, the results obtained by Atalla et al [1] of the radiation
efficiency spectrum in dB and showed in Fig.2 for an unbaffled plate with the properties
indicated in the same figure are compared with that obtained in the present method as presented in
Fig. 3 (the load is applied at 25% Ix, ly position), and as it can be seen there are also similarity
between the curves in the two figures. It must be said that in the case of Atalla the point force is
non centered but it does not gives the exact position of the load location, while in the present
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method the point force is applied at 25% Ix, ly position, so the small differences in the graphical
results presented
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Fig.2. . Variation of the radiation efficiency with the frequency Atalalla [1]
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Fig. 3. Variation of the radiation efficiency with the frequency, present method

Finally regarding the validation of the method, the results obtained by Li and Li [34], for a
baffled plate with fluid on one side, of the sound power level spectrum in dB and showed in

Fig.4 for a rectangular steel plate of side lengths I =0.455m,l =0.379m and thickness

t, =3 mm, excited at center position by a 1 N driving point force, are compared with that obtained

in the present method as presented in Fig. 5, and as it can be seen there are similarity between the
curves in the two figures, although it must be said that in the present method the plate is unbaffled
and fully immersed in fluid, so the small differences in the results.
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Fig. 4. Variation of the sound power level with the frequency Li & Li [34]
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Fig. 5. Variation of the sound power level with the frequency, present method

The next results were obtained for the case of a simply supported composite rectangular panel
submerged in air (compressible fluid), and the following properties are considered:

3

Side lengths |, =2m, 1 =15m , thickness t =10 mm, material density o, = 200k—g,
m

Young’s modulus E =9 Gpa, Poisson’s ratio v = 0.3, thermal expansion coefficient o =10°° m
First the critical buckling temperature ®, is calculated with equation (2.11) in order to
prevent any excess of this limit in the presented results, for the panel properties above considered,
being AT, =@, =43.94°C
The acoustic power and the radiation efficiency are expressed in the following Figures in
logarithmic scale as sound power level spl (dB) and radiation efficiency o (dB) and have the
expressions:
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Pa

spl(dB) =10 Iog[ J with P =10""W

ref
o(dB) =10log(o)

In all cases the frequency of the resonant peaks coincides with the natural frequency of
vibration and the number of peaks depends on the point of application of the force applied, so that
in some cases not all frequencies are excited. With the variation of the different parameters the
frequency response differs from the reference condition, and the new resonant peaks correspond to
the natural frequencies of the new condition, so that if the resonant frequencies decrease or
increase with the variation of the parameter, the resonant peaks are also shifted to lower or higher
values of the spectrum frequency.

Fig. 6 and 7 presents for the reference values of the panel, the variation of the radiation
efficiency and the sound power level with the frequency. The different peaks corresponds to the
resonant frequencies that coincides with the natural frequencies of vibration of the panel in contact
with the fluid. Without considering the peaks, an increasing variation of the radiation efficiency
with the frequency is observed in the frequency spectrum (0-250 Hz), while the sound power level
initially presents an increasing variation in the range ( 0 — 100 Hz) and almost remains constant
for higher values of the frequency

Radiation efficiency spectrum
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Fig. 6. Variation of the radiation efficiency with the frequency
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Fig. 7. Variation of the sound power level with the frequency
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Fig. 8. Variation of the radiation efficiency with the frequency for different values of the side length

Fig. 8 and 9 presents the variation of the radiation efficiency and the sound power level with
the frequency for different values of the panel dimension expressed as the side length I, and

considering constant the aspect ratio 1, /1, . The resonant peaks are shifted to higher values of the
frequency for the smaller panel (90% 1, ) compared with respect to those of the reference panel
(100% Ix) , and the frequency interval between these peaks are also greater for the smaller panel.

The radiation efficiency and the sound power level for the fundamental frequency are slightly
higher the lower the value of the panel dimension.
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Sound power level spectrum vs Side lenght
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Fig. 9. Variation of the sound power level with the frequency for different values of the side
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Fig. 10. Variation of the radiation efficiency with the frequency for different values of the temperature

Fig. 10 and 11 presents the variation of the radiation efficiency and the sound power level with
the frequency for different values of the panel temperature ® =0°C, 30°C . The frequency values

of the peaks are higher the lower the value of the panel temperature, but the frequency intervals
between these resonant peaks remains almost constant with the temperature.. The radiation
efficiency and the sound power level for the fundamental frequency are lower the higher the value

of the panel temperature.
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Sound power level spectrum vs Temperature

e
1)
o
T

(1 T T
1

e

Ca——
=

'h-
-
-~

————
T

80

S —————
P

-

N

60

—t=Ref values0  °C

o
40 ——30°c

Sound power level

20

-40

Frequency (Hz)

Fig. 11.  Variation of the sound power level with the frequency for different values of the
temperature
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Fig. 12. Variation of the radiation efficiency with the frequency for different values of the thickness

Fig. 12 and 13 presents the variation of the radiation efficiency and the sound power level
with the frequency for different values of the panel thickness. The different resonant peaks are
found for lower values of the frequency as lower the value of the thickness and the frequency
interval between these peaks is lower for the thinner panel. The radiation efficiency for the
fundamental frequency is almost similar for both thicknesses, but the sound power level is higher
for the thinner panel.
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Sound power level spectrum vs Thickness
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Fig. 13. Variation of the sound power level with the frequency for different values of the thickness
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Fig. 14. Variation of the radiation efficiency with the frequency for different values of the elasticity
modulus

Fig. 14 and 15 presents the variation of the radiation efficiency and the sound power level with
the frequency for different values of the panel elasticity modulus. For lower rigidity value the
resonant peaks are shifted to lower values of the frequency and the frequency interval between
these peaks decrease slightly. The radiation efficiency and the sound power level for the
fundamental frequency is higher as lower the value of the elasticity modulus.



Acoustic radiation characteristics of the forced vibrating elastic panel under thermal environments 15

Sound power level spectrum vs Elasticity modulus
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Fig. 15. Variation of the sound power level with the frequency for different values of the elasticity
modulus
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Fig. 16. Variation of the radiation efficiency with the frequency for different values of the material
density

Fig. 16 and 17 presents the variation of the radiation efficiency and the sound power level with
the frequency for different values of the panel material density. The resonant peaks are shifted to
higher values of the frequency for the lighter material and the frequency interval between these
peaks is slightly greater for the lower values of the material density. The radiation efficiency and
the sound power level for the fundamental frequency are higher for the lighter material.
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Sound power level spectrum vs Material density
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Fig. 17. Variation of the sound power level with the frequency for different values of the material
density
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Fig. 18. Variation of the radiation efficiency with the frequency for different values of the load
position

Fig. 18 and 19 presents the variation of the radiation efficiency and the sound power level with
the frequency for different values of the excitation load position. When the load is applied at the
25% position, not all the resonant frequencies are excited as for the case of 50% position. The first
and fourth resonant frequencies are excited and the values of the radiation efficiency and the sound
power level coincides for the first or fundamental frequency and for the fourth resonant frequency
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Sound power level spectrum vs Load position
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Fig. 19. Variation of the sound power level with the frequency for different values of the load
position
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Fig. 20. Variation of the radiation efficiency with the frequency for different values of the fluid density

Fig. 20 and 21 presents the variation of the radiation efficiency and the sound power level with
the frequency for different values of the fluid density. The resonant peaks are shifted to lower
values of the frequency for the heavier fluid and the frequency interval between these peaks is
greatly reduced for the higher value of the fluid density that is 100 times the reference value. The
radiation efficiency is lower and the sound power level is higher for the fundamental frequency in
the case of heavier fluid.
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Sound power level spectrum vs Fluid density
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Fig. 21. Variation of the sound power level with the frequency for different values of the fluid
density

Figs. 22, 23, 24, 25 and 26 presents the sound pressure level SPL directivity for different
frequencies of the excitation load. The pressure of the field point x,y,z (averaged in the time

period) is calculated at a distance of 10 m with respect to the center of the rectangular panel and in
a plane perpendicular to the panel and parallel to the “ x ”” direction. It is observed different shape
configurations regarding the excitation frequency.

The directivity diagrams in all figures are symetric with respect to the vertical axes due to the
center location of the excitation force. In general the number of lobes increase with the excitation
frequency. In Figure 22 the maximum value of sound pressure is reached at vertical direction 90°
and the diagram presents only one lobe. In the rest figures the maximum sound pressure level is
reached very near of the 90° azimuthal position. In Figure 23 there is a main central lobe which is
wider and of higher intensity than the two lateral lobes. In Figure 24 there is a main central lobe of
higher intensity and lateral lobes of very small angular amplitude. In Figures 25 and 26 the
number of main lobes increase with respect to the other figures of smaller excitation frequency.
The reason is that for higher values of the excitation frequency, the influence of modal
components of higher order is increased.
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Acoustic radiation characteristics of the forced vibrating
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Fig. 22. Sound directivity of the panel for an excitation load of 50 Hz
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Fig. 23. Sound directivity of the panel for an excitation load of 500 Hz



20 M. Gascon-Pérez

SPL Directivity

90

10dB 20dB 30dB 40dB

Excitation Frequency 1000 Hz

Fig. 24. Sound directivity of the panel for an excitation load of 1000 Hz
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Fig. 25. Sound directivity of the panel for an excitation load of 1500 Hz
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Fig. 26. Sound directivity of the panel for an excitation load of 2000 Hz

Thermal effects are considered in Figure 27 where it has been represented for en excitation
frequency of 20 Hz the sound pressure directivity for two values of the panel temperature

©=0°C and ©=40°C , both below the critical buckling temperature @, . The SPL decreases
over the entire azimuthal range at higher temperature values. However for high values of the

excitation frequency (1000 Hz or above), there is no dependence of the directivity with the panel
temperature.
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SPL Directivity vs Temperature

180
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Fig. 27. Thermal effects on Sound directivity of the panel for an excitation load of 20 Hz

Table 2 presents various modal frequencies of the panel regarding its thermal condition for the
cases of the panel in contact with fluid and in vacuum. The same results are obtained by Gascon-
Pérez [25], so the validity of the present work.

Table 2. Free modal frequencies (Hz ) of the reference panel in vacuum and with air for three thermal conditions

m.n f ©=0C f ©=0°C f ©=20C f ©=20"¢ f ©=40°C f ©=40"C
1,1 22.14 17.53 16.71 12.94 6.63 5.25
1,2 46.06 39.23 40.71 34.67 34.54 29.42
2,1 64.66 56.28 59.41 51.71 53.64 46.69
2,2 88.58 78.65 83.38 74.03 77.85 69.12

4. Conclusions

Acoustic radiation characteristics of a rectangular panel fully submerged in fluid and considering thermal effects has
been analysed. Taking into account the equation of motion of the panel under an harmonic point excitation load and the
acoustic pressure jump over the panel considering the K-H integral equation, the frequency response is obtained
calculating the radiation efficiency and the sound power level spectrum expressed in logarithmic scale (dB).

Different parameters have been considered regarding this frequency response such as panel dimension, thickness,
material density, fluid density, elasticity modulus, load position as well as panel temperature. In general, the influence of
these parameters on the response frequency leads to the variation of the frequency of the resonant peaks and their
amplitude, as well as variation of the frequency interval between these resonant peaks.

Furthermore it has been studied the acoustic radiation directivity expressed as a sound pressure level directivity of the
panel for different frequencies of the excitation load, showing a great difference in the directivity configuration depending
of the excitation frequency.

Finally, results are presented for different free frequencies of vibration of the panel in contact with fluid and in the
vacuum case, considering different thermal loads.

The novelty of the present work is highlighted in the results obtained for a simply supported unbaffled rectangular
panel where the thermoacoustic behaviour is analysed not only for the free vibration case as in [25], but for the forced
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vibration response where it has been made an study of the radiation characteristics such as acoustic power radiation and
radiation efficiency frequency spectrum, as function of various geometrical and material parameters, characteristics of
excitation load, and also considering different thermal loads, as well as the sound radiation directivity.
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